INTRODUCTION
The action of glucagon, angiotensin II, vasopressin and a-adrenergic agonists on liver cells gives rise to an increased rate of respiration (reviewed by: KrausFriedmann, 1984; Denton & McCormack, 1985; Brand & Murphy, 1987) . This increase is not a result of increased supply of ADP, since the ATP/ADP ratio of the mitochondrial matrix does not fall; rather it remains unchanged, or even increases (Siess et al., 1977; Bryla et al., 1977) . These hormones also give rise to an increase in cytoplasmic Ca2+ concentration, from a basal value of 100 nm up to 600 nM (Murphy et al., 1980; Charest et al., 1983) . Denton & McCormack (1985) and Hansford (1985) have proposed that an increase in cytoplasmic Ca2+ within this range results in an increase in mitochondrial-matrix Ca2+ concentration, which acts to stimulate respiration independently of the supply of ADP, thereby allowing the phosphorylation potential of the mitochondrial matrix to remain constant, or even to increase (see also Brand & Murphy, 1987) .
The stimulation of mitochondrial respiration by Ca2+ is proposed to act via three matrix enzymes, i.e. 2-oxoglutarate dehydrogenase, NAD-linked isocitrate dehydrogenase and pyruvate dehydrogenase phosphate phosphatase (Hansford, 1985) . Ca2+ decreases both the Km value of NAD-linked isocitrate dehydrogenase for threo-(D.)-isocitrate and the Km value of 2-oxoglutarate dehydrogenase for 2-oxoglutarate . Pyruvate dehydrogenase exists in both an active dephosphorylated form and an inactive phosphorylated form (Randle, 1986) . Ca2+ stimulates pyruvate dehydrogenase phosphate phosphatase, which generates an increase in the active form of pyruvate dehydrogenase, and so increases the Vmax. of the complex (Hansford, 1985) . The amount of active pyruvate dehydrogenase is decreased in starvation by the action of pyruvate dehydrogenase kinase, which itself is activated in starvation by pyruvate dehydrogenase kinase activator protein (Denyer et al., 1986) . Starvation also attenuates a rise in pyruvate dehydrogenase activity in response to hormones such as glucagon and vasopressin (Randle, 1986) .
Stimulation by extramitochondrial Ca2+ of the actlvity of these matrix enzymes and of the respiration rate has been observed in intact coupled mitochondria isolated from heart , brown adipose tissue and white adipose tissue (Marshall et al., 1984) . The sensitivity to Ca2+ of the three matrix enzymes from liver is retained in mitochondrial extracts (McCormack, 1985b ). Attempts to demonstrate that micromolar [Ca2+] . can stimulate respiration of isolated liver mitochondria have, however, been unsuccessful (Hansford, 1985) . McCormack (1985a,b) Vol. 245 (1972) in 250 mM-sucrose/ 10 mM-Hepes/1 mM-EGTA, adjusted to pH 7.4 with KOH, at 4 'C. The following alterations were made to the protocol (Johnston & Brand, 1986) : four centrifugations instead of three were performed at 12 100 g for 10 min (rmax. = 10.8 cm); the third and fourth centrifugations were carried out in 250 mM-sucrose/S mM-Hepes/1O mM-NTA, adjusted to pH 7.25 with KOH, at 4 'C; between the third and fourth centrifugations mitochondria were incubated on ice in this medium at approx. 10 mg of protein/ml for 25 min. Mitochondrial protein was determined by a modified biuret method (Gornall et al., 1949) , with bovine serum albumin as standard.
Mitochondrial total Ca2+ content was measured with a Perkin-Elmer 380AA atomic-absorption spectrophotometer after mitochondrial Ca2+ had been extracted with 5% (w/v) trichloroacetic acid/1.5% (w/v) LaCl3 (final concns.), and the denatured protein removed by centrifugation.
Mitochondrial respiration was measured with a Clark-type oxygen electrode. The basic incubation medium contained 70 mM-KCl, 80 mM-sucrose, 10 mM-NTA, 10 mM-Hepes, 5 mM-KH2PO4, 5 mMMgCl2 ([free Mg2+] = 0.34 mM), 5 mM-Na2ADP, at 37 'C, adjusted to pH 7.25 with KOH. The basic incubation medium also contained 365 nmol of 0/ml as calibrated by the method of Robinson & Cooper (1970) Apparent stability constants at pH 7.25 for Ca-NTA (9.51 x 103 M-1), x 106 M-1), Mg-NTA (1.69 x 103 M-1) and Mg-ADP (7.93 x 102 M-1) were calculated from the absolute stability constants (Martell & Smith, 1977) as described by Fabiato & Fabiato (1979) . Other complexes, e.g. Ca-ADP, did not contribute significantly to buffering.
Free Ca2+ and Mg2+ concentrations were calculated reiteratively by using the algorithm of Fabiato & Fabiato (1979) 
RESULTS
Figs. l(a), 2(a) and 3(a) demonstrate the dependence of respiration rate on the concentration of 2-oxoglutarate, pyruvate and succinate respectively at [Ca2+] . ranging from-0.75 to 820 nm. is little difference in respiration rates at 0.75 nM-Ca2+ and 103 nM-Ca2+, respiration increases over the range 103-594 nM-Ca2+, and reaches a plateau at higher [Ca2+]0. Fig. 4 also demonstrates that the increase in respiration associated with increasing [Ca2+] . can be prevented by including Ruthenium Red, a potent inhibitor of mitochondrial Ca2+ uptake (Nicholls & Akerman, 1982) (0) Ruthenium Red is shown with 2-oxoglutarate (Fig. 5) and pyruvate (Fig. 6) . Fig. 5 demonstrates that 48 h starvation of animals before killing them has no effect on mitochondrial respiration rate with 1 mM-2-oxoglutarate as substrate. The activity of 2-oxoglutarate dehydrogenase in heart is not known to be affected by starvation (McCormack et al., 1982) .
The rate of respiration with pyruvate, on the other hand, depends on the extent of starvation of the animal [Ca2+], (nM) Fig. 5 [Ca2+] . (Randle, 1986) .
DISCUSSION
The aim of this work was to investigate the effect of an increase in [Ca2+] . within the physiological range on the respiration of coupled liver mitochondria. All experiments were carried out in the presence of physiological extramitochondrial concentrations of Mg2+ and Na+, which inhibit Ca2+ uptake by and promote Ca2+ egress from mitochondria respectively (Nicholls & Akerman, 1982 (Randle, 1986) . Hansford (1985) reported that the respiration rate of isolated liver mitochondria was unaffected by [Ca2+]0. There may be several factors contributing to the difficulties experienced by others in demonstrating an increase in respiration rate in response to [Ca2+]O. We have used mitochondria prepared in such a way that their endogenous Ca2+ content is approx. 1 nmol/mg of protein, similar to that found in vivo (Somlyo et al., 1985) . Higher Ca2+ contents may mask the effect, as suggested by Hansford (1985) . We have worked at 37°C instead of 25°C or 30°C, and indeed have been unable to show any effect of sub-micromolar Ca2+ concentrations at lower temperatures (J. D. Johnston & M. D. Brand, unpublished work) . We have reported respiration rates between 0.1 mm and 5.0 mm substrate. Had we taken the ratio of respiration rates at 0.125 mM and 5.0 mm substrate as reported by Hansford (1985) and Marshall et al. (1984) , stimulation of respiration by Ca2+ would not have been so apparent, e.g. Fig. 1(a) . We have also relied on endogenous malate instead of added malate. Each of these factors may be important. Our results differ from those of Moreno-Sanchez (1985) , who found that oxidation of glutamate/malate, 2-oxoglutarate and succinate and ATP synthesis were sensitive to
[Ca2+]O. His results, however, were obtained with a mitochondrial preparation with a high endogenous Ca2+ content (> 20 nmol/mg of protein), making interpretation difficult.
We conclude that the respiration rate of isolated liver mitochondria in the presence of pyruvate, 2-oxoglutarate or threo-(Ds)-isocitrate may be stimulated by [Ca2+] . in the physiological range. This is consistent with the proposal that hormonal stimulation of 02 consumption in liver is caused by elevated cytoplasmic and matrix [Ca2+], leading to stimulation of 2-oxoglutarate dehydrogenase, NAD-linked isocitrate dehydrogenase and pyruvate dehydrogenase (Denton & McCormack, 1985 Vol. 245
